Evaluation of LiF:Mg,Ti thermoluminescence dosemeters (TLDs) according to the high-temperature ratio (HTR) method enables the determination of the dose-average linear energy transfer (LET), the mean quality factor and the dose equivalent in mixed radiation ®elds of unknown composition. The neutron contribution is assessed by the Extended Pair method calibrated in the CERN-EU High-Energy Reference Field (CERF). The advantages of the small passive detectors as an easy-to-handle monitoring system for in-¯ight surveillance are demonstrated by measurements on-board north-bound and trans-equatorial ights. The experimental results are compared with calculations by the well-established CARI code.
INTRODUCTION
With the steadily increasing human mobility and the development of improved high-altitude jet aircraft, the problem of civil aircrew exposure to an elevated level of cosmic radiation becomes a key issue in the ®eld of radiation protection and radiobiology. The accurate determination of the biologically relevant dose provides the basis for the estimation of radiation risk factors. The experimental assessment of the radiation exposure in the complexly mixed-radiation environment encountered at aviation altitudes is usually associated with extensive metrological expenditure in order to cover the entire particle spectrum and energy range. The exposure of aircrew personnel to cosmic radiation is considered as occupational exposure and requirements for dose assessment are given in the European Council Directive 96/29/Euratom (1) . With the introduction of two categories of occupationally exposed workers, it is of interest for the airline companies to check which of the two categories is applicable to their crews. Even then the method of dose assessment remains an open question. Can computer-aided codes for route-dose calculation substitute experimental evidence in the future? Previous investigations on-board several return¯ights from Vienna en-route to Miami and Sydney during the years 1995 and 1996 (2, 3) clearly showed the insuf®ciencies of calculational approaches at that time which chie¯y related to the inadequate simulation of the neutron component. The underestimation of dose equivalent by the then common CARI-3 code measured up to 50% on north-bound¯ights (4) . The improvements achieved meanwhile in the latest version of the code, CARI-6 M, shall be examined by comparison with the experimental data. The performance of other codes, such as EPCARD, FREE, PCAIRE or SIEVERT, is reviewed by the EURADOS Working Group 5 (5) . The philosophy of the currently applied regulatory radiation protection concept needs to be discussed for aircrew dosimetry. Due to the complex nature of the radiation environment at aviation altitudes, both operational [ambient dose equivalent, H Ã (d)] and protection quantities (effective dose, E) seem to be inappropriate (6) . Measurements on-board aircraft show the maximum dose equivalent in a depth of 50±60 mm in a polyethylene sphere (2, 3) . Therefore, H Ã (10) and in a comparable way the presented measurements (dose equivalent in tissue at the location of the detector) underestimate the whole-body dose. New concepts should be discussed.
INSTRUMENTATION AND METHODOLOGY
Thermoluminescence dosemeters (TLDs) are perfect survey instruments for in-¯ight use. As passive detectors they do not require air-worthiness certi®cation, as they need no power supply, contain no¯ammable gases and emit no electromagnetic radiation that could interfere with aircraft electronics. Their small size on the order of some mm 3 and low mass makes them ideal tools for routine applications. In standard dosimetry, TLDs are applied to measure the absorbed dose, but the development of sophisticated experimental techniquesÐthe high-temperature ratio (HTR) and the extended pair (EP) methodsÐenables the assessment of the biologically relevant dose equivalent and the neutron contribution.
High-temperature ratio method
The high-temperature ratio method for 7 LiF:Mg,Ti TLDs (TLD-700) utilises the well-investigated linear energy transfer (LET)-dependent ef®ciency of the high-temperature TL emission ( Figure 1a ) to obtain information about the ionisation density, expressed by the dose-average LET, in mixed radiation ®elds of unknown composition (7) . If the LET is known, the quality factor and the biologically relevant dose equivalent can be determined. The parameter HTR is calculated after normalisation of the TL glow curves to the dominant peak 5 as the ratio of the high-temperature intensities for the radiation under study, z x , and a reference radiation ( 60 Co gamma rays), z g ,
where d g and d x are the respective peak 5 intensities before normalisation. Calibrations with high-energy ions of different Z ranging from hydrogen to iron established a HTR vs. LET calibration function ( Figure 1b ). Previous successful applications of the HTR method on several space missionsÐincluding measurements on-board space station Mir (7±9) , space shuttles, bio-satellites (10) and the International Space Station (ISS) (11) Ðas well as in radiotherapeutic dosimetry (12) contributed to the acceptance of the method in the international radiation dosimetry community (13, 14) . The¯at shape of the HTR vs. LET function in the LET region beyond 100 keV mm À1 and the associated accuracy of the HTR method in the space radiation environment was discussed critically (15) . The kerma and dose to 7 LiF are similar to that to tissue for all components of the cosmic radiation ®eld in the aircraft apart from the lower energy neutron component (less than a few mega-electron-volt). The HTR method is used both to correct for the lower light conversion ef®ciency of 7 LiF for the high-LET component and to apply an average quality factor for this component in order to estimate the ambient dose equivalent. The high-LET component is almost completely from secondary particles from neutron interactions and strong interactions of high-energy protons. This method gives an estimate of total ambient dose equivalent but underestimates the contribution from the lower energy neutron component. The use of dose-average LET is unavoidable for each integral detector without spectroscopic capabilities. Especially for aircrew dosimetry the LET region beyond 100 keV mm À1 is of no concern with respect to dose deposition, resulting in an unambiguous correlation between dose-average LET and HTR (Figure 1b) .
Extended pair method
The difference in the peak 5 readings of the neutronsensitive TLD-600 ( 6 LiF:Mg,Ti) and the relatively neutron-insensitive TLD-700 ( 7 LiF:Mg,Ti) can be utilised to determine the neutron dose equivalent accumulated in-¯ight. For this purpose, the dosemeter chips were calibrated individually in the CERN-EU High-Energy Reference Field (CERF) (16) , which simulates the cosmic-ray-induced neutron spectrum in good detail (17) . Contrary to its conventional form which is restricted to the thermal and epithermal neutron dose`200 keV, the EP method assesses the neutron dose equivalent Co is shown for reference.
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in the full energy range up to some giga-electronvolts. By calibration in a ®eld whose fractional thermal and epithermal component of ambient dose equivalent is similar to that at a measurement location in an aircraft, or using knowledge of the magnitude of the thermal and epithermal fraction at this measurement location, the 6 Li plus 7 Li pair method can be used to determine the total neutron component. According to our own experimental experience with a Bonner sphere spectrometer (18, 19) , this fraction is nearly the same for the CERF and the atmospheric neutron spectrum if the detectors are placed in the overhead lockers. As long as the detectors are not located in direct proximity of the wings, the in¯uence of the fuel loading on the thermal neutron fraction inside the aircraft seems negligible. However, detailed systematic studies of this aspect are presently lacking. It should be mentioned that the calibration in the CERF is currently a`best-effort' procedure with all associated limitations.
RESULTS AND DISCUSSION
The experiments conducted on-board passenger aircrafts on different north-bound and trans-equatorial¯ight routes were aimed at the following: to measure the total dose equivalent accumulated during the¯ight, to assess the contribution of neutrons and to compare the results with calculations by means of the CARI computer code. Measurements were performed on a series of eight north-bound¯ights between Cologne and Washington as well as on the routes Vienna± Atlanta, Vienna±Sydney and Vienna±Tokyo during different solar activity conditions. Precise altitude and route pro®les were recorded in frequent intervals by the pilots. For the Vienna±Sydney return¯ight, the¯ight log data ®le could be used by courtesy of Lauda Air.
The results of the dosimetric investigations are summarised in Table 1 containing the total dose equivalent rate in tissue at the location of the detector, the contribution of the neutron component and the CARI-6M-calculated effective dose for each air route. The highest dose equivalent rate of 6.7 AE 0.4 mSv h À1 with a 58.2% contribution of neutrons was found for the north-bound¯ight series Cologne± Washington during the solar minimum conditions of June/July 1996. At minimum solar activity, the Earth is less shielded from cosmic ray particles by the interplanetary magnetic ®eld. The dose-rate value of 6.7 mSv h À1 obtained for this trans-Atlantic route may therefore be regarded as an upper limit for the radiation exposure of pilots and cabin crew on subsonic¯ights. Measurements on-board a comparable return¯ight between Vienna and Atlanta around the maximum of the 23rd solar activity cycle revealed a dose rate of 4.1 AE 0.4 mSv h À1 and thereby con®rmed the solar in¯uence. The most pronounced contribution of neutrons in the dose equivalent (64.8%) was found for the route Vienna±Tokyo, which was operated at very high latitudes of up to 69 N. The latitude-dependence of the radiation exposure is visible from experiments on-board a return¯ight between Vienna and Sydney in November 2001. The assessed dose equivalent rate was 2.1 AE 0.1 mSv h À1 with a 33.3% contribution of neutrons only. Due to the shielding effect of the Earth's magnetic ®eld, only a relatively small part of cosmic radiation can penetrate the atmosphere in the equatorial region. The determination of the neutron dose equivalent according to the EP method could be veri®ed for the¯ights Vienna±Sydney and Vienna±Tokyo by bubble detector measurements.
The experimental results were compared with model calculations using the latest release 6M of the CARI code. Accurate altitude and route data on a 10 min to 1 h scale were taken as input. The calculated dose values indicate that the computational algorithm for the assessment of route doses has been improved signi®cantly during the last decade. The CARI results generally agree with the measurements within AE12%Ðalthough the calculated doses for north-bound¯ights with a high neutron contribution tend to appear slightly lower than the experimental data. Attention has to be laid on the fact that CARI calculates an effective dose, implying that the radiation weighting factors are applied on the incident radiation ®eld. However, interaction of the incident radiation with the human body mainly causes neutron moderation and the release of protons and gamma rays in nuclear reactions, meaning a modi®cation of both the particle and energy spectra of the incident ®eld towards lower values of the radiation weighting factors. From this viewpoint, it appears that the effective dose calculated by CARI is overestimated and the difference between measurement and calculation is even more signi®cant. However, the most important insuf®ciency in all computational approaches regards the effects of major solar particle events (SPEs) (20, 21) presenting a serious danger primarily for future high-altitude and polar-orbital¯ights in causing severe biological hazards. The frequency of these irregular events corresponds to the solar activity cycle. This fact is taken into account in the codes by semi-empirical models that certainly have to fail in forecasting accurate dose values for a speci®c¯ight. For this reason, monitoring of the radiation environment in aircraft would be essential and cannot be completely replaced by calculations.
CONCLUSIONS
TLDs evaluated according to the HTR method proved to be reliable devices for precise in-¯ight dose assessment. Essential improvements in the simulation codes reveal satisfactory agreement between measured and calculated dose values, except for irregularly occurring SPEs. 
